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ABSTRACT
Background quasars are potentially sensitive probes of galactic outflows provided that one
can determine the origin of the absorbing material since both gaseous disks and strong bipolar
outflows can contribute to the absorption cross-section. Using a dozen quasars passing near
spectroscopically identified galaxies at z ∼ 0.1, we find that the azimuthal orientation of the
quasar sight-lines with strong Mg II absorption (withWλ2796r > 0.3A˚) is bi-modal: about half
the Mg II sight-lines are aligned with the major axis and the other half are within α = 30◦ of
the minor axis, suggesting that bipolar outflows can contribute to the Mg II cross-section. This
bi-modality is also present in the instantaneous star-formation rates (SFRs) of the hosts. For
the sight-lines aligned along the minor axis, a simple bi-conical wind model is indeed able
to reproduce the observed Mg II kinematics and the Mg II dependence with impact parameter
b, (Wλ2796r ∝ b−1). Using our wind model, we can directly extract key wind properties such
as the de-projected outflow speed Vout of the cool material traced by Mg II and the outflow
rates M˙out. The outflow speeds Vout are found to be 150-300 km s−1, i.e. of the order of the
circular velocity, and smaller than the escape velocity by a factor of ∼ 2. The outflow rates
M˙out are typically two to three times the instantaneous SFRs. Our results demonstrate how
background quasars can be used to measure wind properties with high precision.
Key words: galaxies: evolution, galaxies: formation, galaxies: haloes, galaxies: intergalactic
medium, galaxies: kinematics and dynamics, quasars: absorption lines
1 INTRODUCTION
In spite of our understanding of the growth of dark-matter struc-
tures from the initial density fluctuations (e.g. White & Rees 1978;
Mo & White 2002), the halo mass function over-predicts the ob-
served number density of galaxies both at the low- and high-mass
ends of the mass function (e.g. Croton et al. 2006; van den Bosch
et al. 2007; Conroy & Wechsler 2009; Behroozi et al. 2010; Moster
et al. 2010; Guo et al. 2010; Firmani & Avila-Reese 2010, and
references therein). This major discrepancy requires a (or several)
mechanism to somehow suppress galaxy formation.
Super-novae (SN) driven winds are often invoked because they
could suppress star formation in low-mass galaxies (L < L∗),
(e.g. Dekel & Silk 1986; Oppenheimer & Dave´ 2006; Oppenheimer
et al. 2010) and transport large amounts of energy and gas out of
young galaxies and enrich the inter-galactic medium (IGM). This
scenario is supported by the fact that galactic winds are ubiqui-
tous in all types of star-forming galaxies: in local starburst galaxies
(e.g. Lehnert & Heckman 1996; Heckman et al. 2000; Strickland
& Stevens 2000; Strickland et al. 2004; Martin 1998; Martin et al.
2002; Schwartz et al. 2006), in extreme starbursts, such as the Ultra
Luminous Infra-Red galaxies (ULIRGs) (e.g. Martin 2005; Rupke
et al. 2005; Martin 2006; Martin & Bouche´ 2009), and in normal
star-forming galaxies both at intermediate (Sato et al. 2009; Weiner
et al. 2009; Rubin et al. 2010a,b) and high-redshifts (Pettini et al.
2002c; Shapley et al. 2003; Genzel et al. 2011).
Numerical simulations must often invoke strong galactic out-
flows in order to reproduce the luminosity function and the enrich-
ment of the IGM (e.g. Oppenheimer & Dave´ 2006; Oppenheimer
et al. 2010; Schaye et al. 2010; Wiersma et al. 2011). These simula-
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tions must, however, postulate scaling relations for the wind speeds
and outflow rates, etc., in order to reproduce observational con-
straints. For instance, Dave´ and collaborators assume that the out-
flow rate, M˙out, is proportional to the SFR (M˙out = η SFR), where
the loading factor η is a function of halo mass. For momentum- (or
energy-) driven winds, η is proportional to V −1c (or V −2c ), respec-
tively.
Unfortunately, most wind properties (e.g. the opening an-
gle, the outflow rates, the loading factors) are poorly constrained.
The best estimates of M˙out made by several groups over the past
decades (e.g. Heckman et al. 1990, 2000; Pettini et al. 2002b; Mar-
tin et al. 2002; Martin 2005) using galaxy absorption line spec-
troscopy are usually uncertain by orders of magnitude. One reason
for these large uncertainties is that one must estimate the total gas
column in the wind from the ion column density which requires
assumptions for the gas metallicity and the ionization factor. An-
other reason is that traditional spectroscopy (e.g. Lehnert & Heck-
man 1996; Heckman et al. 2000; Martin 1998; Rupke et al. 2005;
Martin 2006; Schwartz et al. 2006; Weiner et al. 2009; Rubin et al.
2010a,b) probes the wind looking ‘down-the-barrel’, i.e. it provides
no information on the physical location of the material, as the blue-
shifted material could be located at 0.1, 1 or 10 kpc from the host.
In addition, the wind geometry is unknown and as a result the wind
solid angle is often assumed to be Ωw = 4pi. Lastly, the absorp-
tion trough could be filled with difficult-to-remove emission (e.g.
Prochaska et al. 2011). Each of these factors make estimates of
outflow rates very uncertain.
The radial extent of the wind can be addressed directly with
background galaxies, as demonstrated by Steidel et al. (2010) at
z ∼ 2, and by Bordoloi et al. (2011) at z ∼ 1. However, apart
from exceptional cases (e.g. Rubin et al. 2010a), one must stack
the spectra of dozens or hundreds of background galaxies in order
to gain sufficient signal-to-noise. This stacking inevitably leads to
averages in the geometries involved (Steidel et al. 2010). But when
sufficiently large samples are available, the azimuthal dependence
can be revealed, as demonstrated by Bordoloi et al. (2011) who
showed that the rest-frame Mg II equivalent width of background
galaxies is strongest along the minor axis.
One can also use background quasars to probe the radial ex-
tent of the wind. Background quasars have several advantages to
the other techniques. For instance, they allow us to probe gaseous
material of any distant star-forming galaxy irrespective of its lu-
minosity (as in Stocke et al. 2004; Bowen et al. 2005; Tripp et al.
2005; Zych et al. 2007). Compared to background galaxies, back-
ground quasars are better probes because they require no stacking,
i.e. the geometry of the absorbing flow is preserved and no loss of
information occurs in azimuthal averages. Compared to galaxy ab-
sorption line spectroscopy, they allow us to probe the material at a
known distance from the original source.
The low ionization Mg II doublet (λλ2796,2803) seen in back-
ground quasars (QSOs) is ideal for probing galactic winds as it can
be observed from z ∼ 0.1 to z ∼ 2.2 in the optical and has been as-
sociated mostly with star-forming galaxies since the work of Berg-
eron (1988), Bergeron & Boisse´ (1991), Steidel & Sargent (1992),
Steidel et al. (1994). Unfortunately, the physical origin of strong
absorbers is still debated. Indeed, Mg II absorbers could probe the
cool (T ∼ 104 K) material entrained in galactic winds (e.g. Nulsen
et al. 1998; Schaye 2001; Martin 2006; Chelouche & Bowen 2010),
the outskirts of gaseous disks (e.g. Prochaska & Wolfe 1997; Stei-
del et al. 2002; Kacprzak et al. 2010), the halos of galaxies (e.g.
Bahcall & Spitzer 1969; Mo & Miralda-Escude´ 1996; Lanzetta &
Bowen 1992; Sternberg et al. 2002; Maller & Bullock 2004), in-
falling material (e.g. Tinker & Chen 2008; Kacprzak et al. 2010;
Stewart et al. 2011) or a combination of these mechanisms (e.g.
Charlton & Churchill 1998). While mounting evidence points to
galactic winds for strong Mg II systems (Bond et al. 2001; Bouche´
et al. 2006; Me´nard et al. 2011; Nestor et al. 2011), a direct link
between low-ionization metal lines and galactic winds has yet to be
established.
The debate on the origin of strong Mg II absorbers arises be-
cause it is difficult to build large samples of individual quasar-
galaxy pairs. Indeed, at low redshifts (< 0.1), the frequency of such
pairs is low (e.g. Bowen et al. 1995; Stocke et al. 2004; Bowen et al.
2005), and at high-redshifts it is time consuming to identify the
galaxies associated with QSO absorption lines. Even though sig-
nificant samples of quasar-galaxy pairs are available (e.g. Churchill
et al. 1996; Chen et al. 2001; Noterdaeme et al. 2010; Chen et al.
2010b; Rao et al. 2011; Lovegrove & Simcoe 2011), there are only
19 z ∼ 0.5–1 galaxy-quasar pairs where the host galaxy kinemat-
ics have been compared to the absorption kinematics (Steidel et al.
2002; Ellison et al. 2003; Chen et al. 2005; Kacprzak et al. 2010),
excluding the 14 pairs of Bouche´ et al. (2007) whose analysis is in
progress.
In this paper, we use the unique sample of about a dozen z ∼
0 galaxy-Mg II pairs from Barton & Cooke (2009) and Kacprzak
et al. (2011a) in order to investigate the relative orientations of the
quasar lines-of-sight with respect to the host galaxy orientation.
Section 2 summarizes the properties of the sample. We show in
Section 3 that the sample is made of two classes of Mg II absorbers.
In Section 4, we discuss the physical properties of galactic outflows
for the sub-sample of pairs related to outflows. Finally, we discuss
the implications of our results in Section 5.
Throughout, we use a ‘737’ cosmology, with h = 0.7, ΩM =
0.3, and ΩΛ = 0.7.
2 SAMPLE
A recent increase in blue sensitivity of the Keck Low Resolution
Imaging Spectrograph (LRIS) opened a new redshift window and
allows the detection of the Mg II doublet down to z ' 0.1 as
demonstrated by Barton & Cooke (2009). In combination with the
spectroscopic completeness of the Sloan Digital Sky Survey (SDSS
York et al. 2000; Schneider et al. 2010) at that same redshift, one
has the possibility to study large unbiased samples of nearby Mg II–
galaxy pairs. Barton & Cooke (2009) constructed such a sample
designed to probe for the presence (or absence) of Mg II absorp-
tion in a well-understood, volume-limited spectroscopic survey of
galaxies at z ∼ 0.11 with luminosity Mr . −20.5 (∼ L∗). Out of
the 20 sight-lines passing within 75h−11.0 kpc of z ∼ 0.1 luminous
galaxies, six exhibit strong (Wλ2796r > 0.3 A˚) Mg II absorption at
the same redshift as the galaxy. Kacprzak et al. (2011a) extended
this sample to 13 such galaxy-Mg II pairs using the same observa-
tional strategy.
This is the largest sample of quasar-galaxy pairs at z ∼ 0,
which has the advantage that follow-up observations are either
available in the SDSS database or easy to obtain using 4-m or 8-
m class telescopes. This strategy led Kacprzak et al. (2011a) to
measure the rotation curves of the hosts using the Apache Point
Observatory (APO) and present a detailed comparison between the
host galaxy kinematics and the absorption kinematics. Hence, the
galaxies in this sample have reliable systemic redshifts, a key as-
pect for our study.
The galaxy SFRs are computed using the Hα luminosities
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Figure 1. Schematic diagram of an inclined disk, showing the relative az-
imuth angle α measured with respect to the galaxy major-axis.
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Figure 2. The bimodal distribution of azimuth angle |α| for our sample
made of 10 galaxy-quasar pairs where α could be determined. About half
the sample has |α| less than 20 deg., and the other half has |α| & 60 deg.
The distribution suggests that extended gaseous disks and galactic winds
contribute significantly to the Mg II cross-section in roughly equal propor-
tions. The lack of galaxy-quasar pairs with |α| between 20 and 60 deg. is
significant at the & 3.0σ level (see text).
measured from SDSS spectra using the formalism of Kewley & Do-
pita (2002) assuming a Salpeter (1955) initial mass function (IMF)
and no intrinsic reddening 1. Due to the small angular size of the
SDSS fiber apertures, the SFRs were scaled by the ratio of the r-
band galaxy total counts to those contained within the SDSS fiber.
The sample of 13 galaxy-quasar pairs of Kacprzak et al.
(2011a) is made of 11 quasars and 13 galaxies, two of which are
associated with the same quasar line-of-sight. In this study, we kept
only the galaxy with the smallest impact parameter, and were left
with 11 unique galaxy-quasar pairs. Table 1 lists the observed prop-
erties of the sample, taken from Kacprzak et al. (2011a).
3 RESULTS
3.1 Two classes of absorbers
As mentioned in the introduction, the physical mechanism (e.g.
galactic winds, infalling gas, extended disks) that can produce
Mg II absorption has been debated for decades. As discussed in
Kacprzak et al. (2011b), if there are preferred kinematics and spa-
tial distributions of Mg II absorbing gas relative to the host galaxies,
then the absorption strengths would follow a predictable behavior
as a function of galaxy orientation and/or relative orientation to the
QSO sight-line, for instance.
Here, we investigate the distribution of the azimuth angle α
of the quasar line-of-sight with respect to the galaxy major axis,
as illustrated in Figure 1. By examining the azimuth angle distri-
bution, one could conclude that galactic winds dominate the Mg II
cross-section if the quasars are preferentially aligned with the mi-
nor axis (α ∼ 90), since this is the only mechanism that can pro-
duce cool material systematically along the minor axis. Alterna-
tively, one could conclude that the extended parts of gaseous disks,
or infalling material (according to Stewart et al. 2011) would domi-
nate the Mg II cross-section if the quasars are preferentially aligned
with the galaxy orbital plane (e.g. Charlton & Churchill 1996). Fur-
thermore, if there is no preferred α, then this would point towards
the halo model where the gas clouds traced by Mg II are uniformly
distributed (e.g. Lanzetta & Bowen 1992; Steidel et al. 1994; Mo
& Miralda-Escude´ 1996; Tinker & Chen 2008).
Looking at the relative distribution of QSO lines-of-sight has
previously not been possible because of the low number of unbi-
ased pairs whose kinematic axis is known. Indeed, to our knowl-
edge, at z ∼ 0 there exists only one such sample, the sample of 11
galaxy-quasar pairs of Kacprzak et al. (2011a), originally from the
volume-limited survey of Barton & Cooke (2009) 2.
We remeasured the azimuth angles because we noticed some
inconsistencies in the α’s reported by Kacprzak et al. (2011a). To
do so, we measured the inclinations (i), position angles (PA) of the
major axis and azimuth angles (α) of the quasar using two methods:
a visual inspection of the images and a parametric Se´rsic (1963) fit
to the SDSS postage stamp images. The inclination (via its axis ra-
tio b/a), the Se´rsic index, n, and the galaxy PA were fitted with cus-
tom routines, where the Se´rsic profile is convolved with the image
Point Spread Function (PSF). We note that our inclination measure-
ments obtained from visual inspection (‘Manual’), from our Se´rsic
fits (‘Fit’) and from a full bulge-disk decomposition by Kacprzak
et al. (2011a) agree well with each other. Table 2 lists the inclina-
tion and azimuth angle measurements.
We found that the inclinations can be reliably determined, as
our fitted values are within 10% to those derived by Kacprzak et al.
(2011a). On the other hand, we found that our azimuth angles dif-
fer significantly, and we attribute the difference to a mistake in the
image orientation. We note that for one galaxy (J161940G1), its
PA is poorly determined as it is observed almost perfectly face-on
(b/a ∼ 1.0), i.e. its major-axis PA and its azimuth angle is unde-
fined. Hence, we are left with a sample of 10 galaxy-quasar pairs
with reliable azimuth angles.
Figure 2 shows the distribution of |α|. The distribution is
1 This is equivalent to assuming a Chabrier (2003) IMF and AV =
0.8 mag of extinction, typical for star-forming galaxies.
2 At intermediate redshifts, there is the sample of 19 z ∼ 0.5–1 galaxy-
quasar pairs from (Steidel et al. 2002; Ellison et al. 2003; Chen et al. 2005;
Kacprzak et al. 2010) and the 14 pairs discovered by Bouche´ et al. (2007).
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strongly bi-modal, with a subset made of four galaxies with small
|α|’s and another made of six with |α| ∼ 90. In other words,
the distribution shows that all the quasar-galaxy pairs are either
nearly aligned with the major or with the minor axis. The lack of
quasar-galaxy pairs with α between 20 and 60 deg is not consis-
tent with small number statistics. Indeed, the probability of having
no quasar-galaxy with |α| between ∼20 and ∼60 deg is 0.2% us-
ing 106 simulated samples (with Npairs = 10) drawn from a uni-
form distribution U(0, 90). Thus, the central gap in the distribution
shown in Fig. 2 is significant at the &3.0–σ level.
In short, we found a strong azimuthal dependence in the pres-
ence of Mg II, in good agreement with the results of Bordoloi et al.
(2011) obtained at z ∼ 1 in the Cosmological evolution Survey
(COSMOS). In stacked spectra of background galaxies, Bordoloi
et al. (2011) also found a strong azimuthal dependence of the total
(2796A˚,2803A˚) rest-frame equivalent width Wr for pairs within
40 kpc of inclined disks. Similarly, in stacked spectra of thousands
of local star-forming galaxies from SDSS/DR7, Chen et al. (2010c)
showed that the blue-shifted Na I D absorption is stronger within
60◦ of the minor axis.
Contrary to stacked spectra, the background quasars (Fig. 2)
reveal that there are two distinct populations of Mg II absorbers, in
roughly equal proportions. One population of absorbers could be
associated with extended gaseous disks (or other processes aligned
with the disk) and the other could be associated with galactic winds.
At this stage, the wind scenario is only based on a plausibility argu-
ment, namely the expectation that all the other physical processes
(accretion, extended gaseous disks, halo gas) are expected to pro-
duce absorption that are not aligned with the minor axis. In the
next section, we will investigate the wind scenario further and at-
tempt to match the observed Mg II kinematics using a simple wind
model. This exercise will show that the classification based on |α|
is strongly supported by our kinematic model. Table 2 lists the clas-
sifications.
Having identified two classes of absorbers, we searched for
differences in the galaxy properties between the two sub-classes.
In Figure 3, we show the galaxy postage stamp images and the
quasar location relative to the galaxy major and minor axes. The
red and blue squares show the relative QSO positions for the sub-
sample with |α| > 60 and |α| < 20, respectively. We find no
significant differences in the galaxy colors between the two sub-
samples. The most significant difference between the two is found
in their SFR distribution. Figure 4 shows that galaxies with high |α|
(classified as ‘windy’) have higher SFRs, while pairs with low |α|’s
(‘disky’) have lower SFRs. Note the kinematic modeling presented
in section 3.2.1 will show that two galaxies are misclassified based
solely on the azimuth angle criterion.
3.2 The Mg II kinematics of the Wind sub-sample: Wind
modeling
In light of the results presented in section 3.1, we postulate that
the Mg II absorption is produced by material entrained in galac-
tic winds for the sub-sample made of galaxy-quasar pairs aligned
along the galaxy minor axis (with |α| ∼ 90). To test this hy-
pothesis, we construct a simple bi-conical wind model aimed at
reproducing the observed Mg II kinematics. Our simple galactic
wind model is made of 105 ‘clouds’ distributed in a cone within
an opening-angle θmax (and corresponding solid angle Ωw =
Figure 4. SFR as a function of |α| shows that galaxies associated with bi-
conical galactic winds (high α) have higher SFRs than those with low α’s.
SFR are computed from the nebular emission lines in the SDSS spectra and
scaled to take into account the SDSS fiber size. The kinematic modeling
in section 3.2.1 show that two galaxies (J092300G1 and J114518G1) are
misclassified based solely on the azimuth angle α criterion.
piθ2max)
3. The discrete clouds populate the cone from a minimum
radius Rmin = 5 kpc to a maximum radius Rmax ' 100 kpc, cov-
ering the range of impact parameters. We assume that the clouds
are entrained in the bi-conical wind and are moving at a constant
velocity (Vout), which is the only model parameter fitted against
the data.
All the parameters related to the geometry of the wind can
be determined from the data. The wind opening angle is θmax ∼
30 deg according to the distribution of azimuth angles (Fig. 2)
since no QSO-galaxy pairs are found beyond ±30 deg from the
minor axis. The corresponding solid angle is thus of order unity
with Ωw ' 0.86. Similarly, the relative geometric orientation of
the wind with respect to the quasar line-of-sight is also given by
the data. For all galaxy-quasar pairs, the galaxy inclination (i) and
the relative orientation (α) of the sight-line are set by the data. The
only degree of freedom left is to choose whether the cone inter-
cepted by the quasar sight-line is pointing either towards or away
the observer. We adopt the convention that x, y are the coordinates
in the plane of the sky, with x along the galaxy major axis and
consequently, the z-axis along the quasar line-of-sight.
3.2.1 Notes on individual cases
Figure 5(a) shows an example of the wind model for the galaxy
J081420G1 (towards the quasar SDSSJ081420.19+383408.3)
whose inclination is i ∼ 35◦, and azimuth angle is |α| ∼ 80◦.
The top left panel shows the cone view face-on and the top right
panel shows a side view of the cone. The solid-blue oval represents
the inclined disk and the black circles represent the conical outflow.
The bottom left shows the average z-velocities of the clouds as a
function of position. The QSO location is represented as the filled
3 After some experimentation, we found that a hollow cone with θmin ∼
10◦ performed somewhat better in reproducing the shape of the Mg II ab-
sorption profile. Note the kinematic results (absorption centroid and width)
are completely insensitive to θmin.
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(a)
(b)
Figure 3. Position of the quasar line-of-sight distribution relative to the galaxy major axis (x-axis) and minor-axis (y-axis) for the galaxy-quasar pairs with
high (a, circle symbols) and low (b, square symbols) azimuth angles α. The size of the symbols is proportional to the rest-frame Wλ2796r . The postage
stamp images show the color SDSS image of the associated galaxy. Blue point source objects with squares indicate the QSO location when visible within the
field-of-view.
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circle. The bottom right panel shows the line-of-sight velocity dis-
tribution of the clouds at the location of the quasar. The distribution
is convolved with an instrumental resolution of∼ 150 km s−1, cor-
responding to the LRIS data of Kacprzak et al. (2011a). The LRIS
spectra is shown in Figure 5(b). The pink (grey shaded) and blue
(grey hatched) areas show the range of velocities accounted by our
wind model and by the halo-disk model of Kacprzak et al. (2011a),
respectively.
In this particular case, we choose the model where the cone
is pointing away from the observer since the observed Mg II ab-
sorption is redshifted with respect to the galaxy systemic veloc-
ity (0 km s−1). The wind speed Vout is tuned to match the ob-
served velocity range. For this particular case, we find that Vout ∼
200± 25 km s−1 produces a good match to the data.
Figure 6 shows the wind model for J091119G1 towards the
quasar SDSSJ091119.16+031152.9. This sight-line has one with
the highest impact parameter (b = 71 kpc). While the equiv-
alent width is relatively small (Wλ2796r ∼ 0.8 A˚), the absorp-
tion is spread over a very wide range of velocities (from −300 to
300 km s−1). In addition, the galaxy is seen almost perfectly edge-
on (i ∼ 80◦). As a result, our constant Vout model requires a large
wind speed of ∼ 500 km s−1. We also note that the Mg II profile
shows little or no absorption around Vsys, which indicates either the
absorbing material traces the edges of the cone or that this sight-line
caught the wind as it stalls, in which case our assumption of pure
radial wind velocities break down.
Figure 7 shows the wind model for J102819G1 towards the
quasar SDSSJ102847.00+391800.4. The main difference with the
previous example is that this galaxy is less inclined with i ∼ 55◦.
As a result, the wind produces absorption only redward of the
galaxy systemic velocity. Because of the large impact parameter
(b = 89 h−1 kpc) of the quasar, we extended our wind model
to Rmax = 140 h−1 kpc and the inferred radial wind speed is
Vout ' 300 km s−1. Note that the observed velocity profile is
rather well reproduced.
Figure 8 shows the wind model for J111850G1 to-
wards SDSSJ114518.47+451601.4. This galaxy has SFR=
3.75 M yr−1, is less inclined with i ∼ 30◦, and the quasar impact
parameter is b ' 25 kpc. As a result, this sight-line likely intercepts
the wind and the disk at the same time, resulting in significant ab-
sorption at Vsys. As a result, our model, which does not include a
disk component, cannot reproduce the entire Mg II profile and the
wind speed is less constrained. In fact, the disk model of Kacprzak
et al. (2011a) can reproduce the kinematics not accounted by our
wind model (blue hatched).
Figure 9 shows the wind model for J225036G1 towards
SDSSJ225036.72+000759.4. This galaxy has a moderate SFR of
1.36 M yr−1, is highly inclined with i ∼ 70◦ and the quasar im-
pact parameter is b ∼ 50 h−1 kpc. The radial wind speed Vout is
inferred to be ∼ 200 km s−1. Given this geometric configuration
with the inclination approaching 90◦, the sight-line probes a wide
range of velocities, a feature that is very consistent with the ob-
served Mg II kinematics. Note also that the profile suggests that the
cone is hollow, i.e. that the Mg II absorption arise on the edges on
the cone, which is the reason why we used θmin = 15◦ in this case.
We next discuss two pairs (J092300G1, J114518G1) whose
classification based on α was misleading once the global aspects
of the geometry are taken into account. In particular, the sight-line
towards SDSSJ092300.67+075108.2 has the lowest impact param-
eter (b = 12 kpc). Figure 10 reveals that the low impact parameter
combined with the high galaxy inclination implies that the sight-
line can intercept the other parts of the galaxy in spite of having a
high azimuth angle |α| = 82◦. Hence, this galaxy-quasar pair is
classified as ’ambiguous’. Furthermore, the galaxy has a low SFR
of 0.02 M yr−1, red colors and an early type morphology (Se´rsic
index of n ∼ 5).
The other ambiguous case is J114518G1 towards
SDSSJ114518.47+451601.4. This sight-line has a low α of
∼ 15◦. However, the wind modeling (Figure 11) reveals that
the sight-line can very well intercept the wind given the low
galaxy inclination (i ∼ 30◦) if the cone extends a bit beyond our
canonical 30 deg to 40 deg. The wind model can account for the
Mg II kinematics with an outflow speed of Vout ' 125 km s−1. In
addition, the galaxy SFR is high with SFR= 2.59M yr−1, blue
colors and an exponential profile, which are additional reasons to
consider this pair as a ‘wind’ pair.
3.2.2 Summary of the Wind Modeling
In summary, we performed simple kinematic models for the quasar-
galaxy pairs whose azimuth angles |α| are close to 90◦. Figures 5–9
show that a simple geometric model can account surprisingly well
for the observed Mg II kinematics of four out of five QSO-galaxy
pairs classified as ‘windy’ and for two other pairs initially classified
as ‘disky’ based on their α measurement (see table 2). Conversely,
the wind model is unable to account for the kinematics of the sight-
lines with α ∼ 0◦ since they do not intercept the conical flow.
In addition, the disk-halo model of Kacprzak et al. (2011a),
shown as the hatched areas in Figures 5–9, has serious difficulties in
reproducing the Mg II kinematics for the ’wind’ sub-sample since
the projected disk velocities are approximately 0 km s−1 along the
minor axis. However, in the case of J111850G1, our wind model
cannot reproduce the entire Mg II profile but the disk model of
Kacprzak et al. (2011a) can account for the extra component.
Quantitatively, our analysis reveals wind speeds Vout that are
typically 100–300 km s−1 (listed in table 2), i.e. are on the order
of the maximum circular speed Vmax determined from the rotation
curves by Kacprzak et al. (2011a). Based on these results, we will
investigate the wind properties in more detail in the next section § 4.
We discuss the properties of the ’disk’ sub-sample in Appendix A.
3.3 Radial Dependence
Using the sub-sample of z ∼ 0.1 QSO-galaxy pairs that we asso-
ciate with galactic outflows, we investigate the radial dependence of
the Mg II absorption. Figure 12 shows the observed Wλ2796r (cyan
circles) as a function of impact parameter b. Because the Wλ2796r
can be skewed due to the various inclination effects, we corrected
the Wλ2796r (red circle) to a common inclination of i = 90◦. The
corrections are calculated by comparing the total number of clouds
intercepted at the observed i to that number for i = 90◦. The most
significant correction is for J081420G1 (see Fig. 5) because that
sight-line intercepts a small fraction of the cone compared to the
edge-on situation.
For comparison, we show in Figure 12 the radial dependence
of the cool halo gas from the z ∼ 0.5 sample of QSO-galaxy
pairs collected and analyzed in Kacprzak et al. (2007, 2011b)
(squares). Since, the |α| distribution is also bi-modal for this sam-
ple (Churchill et al. 2012; Bordoloi & et al. 2012), we only show
those with |α| > 45◦ and whose uncertainty in α is less than 30◦
(3σ) in order to remove ambiguous cases. Figure 12 shows that the
z = 0.1 and z = 0.5 data sets share a common Wλ2796r –b relation
which goes approximately as b−1. A formal linear fit to the data
gives b = −1.1± 0.5.
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Figure 5. (a) Top left: Kinematic model of conical wind for J081420G1 viewed on the sky plane where the x-axis corresponds to the major axis and the
y-axis with the minor axis. The solid oval represents an inclined disk and the black circles represent the conical outflow. Top right: Side view where the z
coordinate corresponds to the line-of-sight direction, with the observer to the left. Bottom left: Map of the averaged line-of-sight velocities (km s−1) of the
clouds. Bottom right: Distribution (convolved with the LRIS resolution) of the cloud z-velocities at the observed QSO location. The normalization of this
distribution is inversely proportional to the impact parameter b (see Eq. B5). (b) Observed Mg II kinematics from the LRIS spectra taken by Kacprzak et al.
(2011a), where 0 km s−1 corresponds to the galaxy systemic redshift. The solid line (red) shows a multi-Gaussian fit to the absorption features to help the
reader identify the Mg II absorption profiles. The pink (grey shaded) and blue (grey hatched) areas show the range of velocities accounted by our wind model
and by the halo-disk model of Kacprzak et al. (2011a), respectively.
Our radial dependence is significantly different that the one
determined by Bordoloi et al. (2011) around of z ∼ 1 inclined
disks using background galaxies. However, we refrain from any di-
rect comparison since the background galaxy technique used by
Bordoloi et al. (2011) does not give a measure of the collective
absorption of Mg II ‘clouds’, but gives a measure of the radial de-
pendence of the covering fraction Cf (r) 4 because the background
sources are naturally extended 5.
Given that there is an empirical relation between Wλ2796r and
the total column density NH I (Me´nard & Chelouche 2009), we
show on the right y-axis of Figure 12, the corresponding column
density N . The expected radial dependence of the column density
N(b) for an optically thin medium, whose density ρ(r) is geomet-
rically diluted
[
ρ(r) = ρ0 (r0/r)
2
]
, is
N(b) ∝
∫
dx
b2 + x2
∝ 1
b
(1)
4 At z ∼ 2, the covering fraction was found to go as Cf (b) ∝ b−0.4±0.2
by Steidel et al. (2010), close to the theoretical expectation ofCf ∝ b−2/3
for adiabatically expanding clouds moving in a hot medium (Martin &
Bouche´ 2009).
5 We note the interpretation of the radial dependence in Bordoloi et al.
(2011) using isothermal profiles from Tinker & Chen (2008) is not appro-
priate here since the model of Tinker & Chen (2008) was tuned to quasar
absorbers.
where the integral is performed perpendicularly to the cone
(Eq. B5). Eq. 1 shows that N(b) is expected to go as ∝ b−1.
The solid line in Figure 12 shows that this is very good descrip-
tion of the data. The scatter around the solid is only 0.20 dex. The
match between the data and the expected radial dependence may
seem surprising given that Eq. 1 assumes an optically thin medium
whereas the Wλ2796r absorption can be optically thick. This can be
understood if one realizes that the Wλ2796r is also proportional to
the number of sub-components or clouds (e.g. Bergeron & Boisse´
1991; Churchill et al. 2003; Chelouche et al. 2008).
In summary, Figure 12 shows that, for QSO-galaxy pairs as-
sociated with galactic outflows, there is a tight correlation between
Wλ2796r and impact parameter b, following the expected b−1 de-
pendence. The scatter around b−1 is very small, only 0.20 dex for
this sub-sample. While this anti-correlation has been known for two
decades (e.g. Lanzetta & Bowen 1990; Steidel 1995; Bouche´ et al.
2006; Chen & Tinker 2008), the scatter has been previously shown
to be 0.5 dex (Chen et al. 2010a; Churchill et al. 2012).
Kacprzak et al. (2011b) argues that this scatter is a function
of the host inclination, and Chen et al. (2010a) argues that this
scatter is correlated with stellar mass and perhaps also with SFR
(Chen et al. 2010b). In Appendix A, we discuss the Wλ2796r -b
relation for the ’disk’ sub-sample and show that the large scatter
is caused by the mixing of several physical mechanisms in Mg II
samples, namely extended gaseous disks and galactic winds (see
also Churchill et al. 2012; Bordoloi & et al. 2012). It remains to be
c© 0000 RAS, MNRAS 000, ??–15
8 Bouche´ et al.
100 50 0 50 100
∆z (kpc)
100
50
0
50
100
∆
y 
(k
pc
)
Inclination =  82 ◦  ±  2
Side view
100 50 0 50 100
∆x (kpc)
100
50
0
50
100
∆
y 
(k
pc
)
αQ=  65 ◦
SFR= 0.26 M¯/yr
Wr= 0.82 
◦
A
J091119G1Sky view
QSO
100 50 0 50 100
∆x (kpc)
100
50
0
50
100
∆
y 
(k
pc
)
Vwind = 500 km/s
Rmax = 100 kpc
θ = [15 ◦ ,35 ◦ ]
Projected <Vz(x,y)>
100
75
50
25
0
25
50
75
100
400 200 0 200 400
Vz (xq ,yq ) [km/s]
0
200
400
600
800
1000
Vz  distribution along QSO los
(a) (b)
Figure 6. a): Kinematic model of conical wind for J091119G1 as in Fig. 5. b): the observed Mg II kinematics with respect to the systemic velocity as in Fig. 5.
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Figure 7. a): Kinematic model of conical wind for J102847G1 as in Fig. 5. b): the observed Mg II kinematics with respect to the systemic velocity as in Fig. 5.
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Figure 8. a): Kinematic model of conical wind for J111850G1 as in Fig. 5. b): the observed Mg II kinematics with respect to the systemic velocity as in
Fig. 5. Given the low inclination, this sight-line is likely contaminated by absorption from the disk. Indeed, the blue hatched area shows the disk-halo model
of Kacprzak et al. (2011a).
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Figure 9. a): Kinematic model of conical wind for J225036G1G1 as in Fig. 5. b): the observed Mg II kinematics with respect to the systemic velocity as in
Fig. 5.
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Figure 10. a): Kinematic model of conical wind for J092300G1 as in Fig. 5. b): the observed Mg II kinematics with respect to the systemic velocity as in
Fig. 5.
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Figure 11. Kinematic model (a) of conical wind for J114518G1 compared the observed Mg II kinematics (b) with respect to the systemic velocity as in Fig. 5.
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Figure 12. Wλ2796r as a function of impact parameter b for QSO-galaxy
pairs classified as ‘wind’, i.e. with |α| > 60. The cyan circles represent
the observed Wλ2796r , and the red circles show the W
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r corrected for
inclination effects (see text), for the edge-on case where i = 90◦. The
squares show the z ∼ 0.5 QSO-galaxy pairs of Kacprzak et al. (2011a) for
a similar sub-sample with the azimuth angle α > 45. The expected radial
dependence (∝ b−1) for sight-lines intercepting a cone at 90◦ is shown by
the solid line and is a good description of these two data sets. The right y-
axis shows the corresponding NH I using the W
λ2796
r -NH I relation from
Me´nard & Chelouche (2009) (MC09). The radial dependence of NH I is
supported by the Mg II doublet ratio shown in the top panel.
demonstrated whether the stellar mass or SFR dependence applies
to the ‘disk’ or ‘wind’ sub-sample.
4 EXTRACTING WIND PROPERTIES
Having established that the Mg II kinematics in QSO-galaxy pairs
with |α| ∼ 90◦ are consistent with intercepting entrained material
in galactic winds, in this section, we focus on the terminal velocity
(§ 4.1) and the mass outflow rate (§ 4.2) of these galactic winds.
4.1 Terminal velocity
The cool gas in galactic winds traced by Mg II may be driven either
by the kinetic energy of supernova ejecta from the entrainment in
the hot wind (e.g. Chevalier & Clegg 1985; Heckman et al. 1990;
Strickland & Stevens 2000), by momentum injection from the ra-
diation pressure (Murray et al. 2005, 2011; Sharma et al. 2011) or
by cosmic ray pressure (Everett et al. 2008, and references therein).
Because these predict different scalings for the wind velocity Vout
with galaxy mass and SFR, it is important to investigate whether
Vout varies with other galaxy properties.
In our sample of galaxies which have SFRs of a few M yr−1,
we find that the outflow speeds Vout are typically 100–300 km s−1
(listed in Table 2) using the modeling presented in section 3.2.
These relatively low speeds are of the order of the circular velocity
Vmax. We note that Vout appears to increase with impact parameter.
We caution that a larger sample is required in order to put strong
constraints on Vout(b), a function that is directly related to the ac-
celeration mechanism in the wind (e.g. Murray et al. 2005, 2011).
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Figure 13. Radial dependence of the outflow speed Vout with respect to the
escape velocity Vesc(b). This shows that the cool material proved by Mg II
is traveling at speeds . Vesc.
We find no correlation between Vout and SFR. This could ei-
ther be due (i) to our small range in SFRs or (ii) to our Hα-derived
SFRs which may not be related to the SFRs that occurred when
the material was launched given that the travel time to the observed
impact parameter can be significant. Typically, the travel time is of
the order of 0.5 Gyr (see Table 2).
Our measurements of outflow speeds allow us to address the
following question: Are these velocities sufficient to expel the gas
from the galaxy into the IGM or will the gas eventually fall back
onto the galactic disk? The escape velocity vesc for an isothermal
sphere is
Vesc = Vmax
√
2[1 + ln(Rvir/r)] (2)
where Vmax is the maximum circular velocity (a proxy for Vvir)
and Rvir is the virial radius. Since our galaxies are L∗ galaxies
with halo mass around 1012M, their virial radius is approximately
Rvir ≡ Vmax/10H(z) ' 250 kpc, where H(z) is the Hubble
constant at redshift z. Using Eq. 2, the escape velocity Vesc is 2.5,
2.3, 1.8 ×vrot at b =10, 50, 100 kpc, respectively. We find that
most of our galaxies have wind speeds that are about half the escape
velocity.
Figure 13 shows the outflow speeds relative to the escape ve-
locity as a function of impact parameter b for our sample of 6
sight-lines. We use the individual rotation velocities (Vmax) from
Kacprzak et al. (2011a) and appropriate virial radii in Eq. 2. This
ratio Vout/Vesc is . 1 showing that the cool material probed by
Mg II is traveling at speeds close to the escape velocity. Interest-
ingly, the ratio Vout/Vesc is about unity for only two sight-lines,
which are the two with the largest impact parameter (J102847G1,
J0911119G1).
4.2 Outflow rates
Given that our α distribution combined with the results of Bordoloi
et al. (2011) and Chen et al. (2010c) clearly demonstrate the pres-
ence of bi-conical outflows within θmax ∼ 30◦ of the minor axis
of star-forming galaxies, we can estimate the cold gas mass out-
flow rate corresponding to such a configuration. The outflow rate
M˙out for a mass-conserved flow moving at a speed Vout, with a to-
tal solid angle Ωw, is M˙out(r) ≡ ρ(r) Ωwr2 Vout. In the case of a
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radial sight-line looking ‘down-the-barrel’, the outflow rate reduces
to M˙out = ΩwN r0 Vout (e.g. Heckman et al. 2000; Martin 2005)
where the column is N ≡ ∫∞
r0
ρ(r)dr = ρ(r0)r0. Similarly, in the
case of transverse sight-lines at impact parameter b the outflow rate
is:
M˙out(b) ' pi
2
θmax NH(b) b Vout (3)
as derived in Appendix B (Eq. B8). Inserting the numerical values
for θmax ' 30◦, we have
M˙out(b) = 0.41 M yr−1
µ
1.5
θmax
30◦
NH(b)
1019cm2
Vout
200 km s−1
b
25 kpc
(4)
where µ is the mean atomic weight.
The only unknown parameter in Eq. 4 is the total gas column
NH I , since the impact parameter b and the wind speeds Vout are
directly or indirectly constrained by the observations. Fortunately,
we can estimate the mean H I column using the empirical Mg II–
H I relation from Me´nard & Chelouche (2009) (see also Rao et al.
2006; Bouche´ 2008; Rao et al. 2011) used already in Figure 12.
Here, we make the implicit assumption that the relation holds for
sight-lines associated with galactic winds. This assumption is sup-
ported by Bouche´ (2008) who reported that there are two popula-
tions of absorbers, one following the H I-Wλ2796r relation (corre-
sponding to outflows) with a high metallicity (half solar to solar),
and another with roughly constant H I with a low metallicity (1/30)
corresponding to typical DLAs/sub-DLAs. A direct determination
of the gas column H I would require observations with the Cosmic
Origin Spectrograph (COS).
The typical outflow rates derived from Eq. 4 are ∼1–
5 M yr−1 for all of our galaxies. These are the most precise
outflow rates derived for star-forming galaxies for the cold (T ∼
104 K) gas 6. Indeed, the uncertainties in M˙out are entirely domi-
nated by theNH I uncertainties. Assuming 0.25 dex uncertainty for
NH I , the relative accuracy for the outflow rate is σ(M˙)/M˙ ' 0.5.
Compared to traditional spectroscopy, where both NH I , Ωw are
only known to orders of magnitude (e.g. Heckman et al. 2000; Pet-
tini et al. 2002b), our technique to estimate mass outflow rates is a
leap forward.
Given that the travel time of the low-ionization gas to the ob-
served impact parameters is significant, a few 100 Myr (see Ta-
ble 2), we refrain from comparing our outflow rate to the instanta-
neous SFR. In future work, we intend to compare them to the past
SFR determined from stellar population analysis. Overall, the cold
gas mass outflow rate M˙out seems to be 2 times larger than the
current SFR.
5 CONCLUSIONS
In summary, we find that the azimuthal orientation of quasars with
Mg II absorbers (Wλ2796r > 0.3A˚) relative to the host galaxy major
axis is not consistent with being uniform at the 3.1–σ significance
level. The azimuth angle distribution is bi-modal with about half
the quasars aligned with the major axis and the other half within
α = 30◦ of the minor axis (Fig. 2). This bi-modal distribution con-
firms the presence of the azimuthal dependence of low-ionization
gas around inclined disks as reported by Bordoloi et al. (2011) at
6 Galactic winds are multi-phase phenomenon with potentially additional
mass in the other phases not included here. However, most of the mass is
likely contained in the cold phase while most of the energy in the hot phase.
z ∼ 1 and by Chen et al. (2010c) at z ∼ 0 and is inconsistent with
the halo model of Chen & Tinker (2008); Tinker & Chen (2008)
and Chen et al. (2010a).
We associate the sight-lines aligned with the minor axis to
sight-lines intercepting bi-conical outflows (’wind’ sub-sample)
and those aligned with the major axis with sight-lines intercept-
ing the outskirts of galaxies (’disk’ sub-sample). The dichotomy in
azimuth angle is also present in the instantaneous SFR (Fig. 4).
Using the ’wind’ sub-sample, the data show that the outflows
traced by low-ionization lines such as Mg II have several properties:
• The bi-modal distribution of the α angle (Fig. 2) shows that
the outflows are rather well-collimated, covering a total solid angle
Ωw ' 2 accounting for both sides of the cone.
• The wind speeds Vout inferred from the Mg II absorption kine-
matics and a bi-conical wind model (Fig. 5–9) are of the order of
the rotation speed.
• The wind speeds tend to be smaller than (or equal to) the es-
cape velocity, indicating that the low-ionization gas is not escaping
the halo.
• The radial dependence of the Mg II equivalent width follows
approximately the expected b−1 dependence for pure geometry di-
lution with a scatter of 0.24 dex (Fig. 12).
• The mass outflow rates are about 2× the current SFR, ranging
from 1 to 6 M yr−1 using the wind speed and the empirical rela-
tion between Wλ2796r and NH I (e.g. Me´nard & Chelouche 2009).
Compared to the orders of magnitude uncertainties in the best esti-
mates from galaxy spectroscopy (e.g. Heckman et al. 2000; Pettini
et al. 2002a), our mass outflow rates are accurate to within∼ 50%,
where most of the uncertainty lies in the NH I factor.
In Appendix A, we show that our bi-conical outflows are con-
sistent with the inclination dependence reported by Kacprzak et al.
(2011b) if the azimuth angle is taken into account. In particular, the
scatter in the Wλ2796r -b relation is reduced (as in Kacprzak et al.
2011b) when a correction of the type X ∝ 1/ cos i is applied to
the ‘disk’ sub-sample. On the other hand, this correction increases
the scatter for the ‘wind’ sub-sample, as one might have expected
since this inclination correction is not appropriate in this case. Inter-
estingly, theWλ2796r -b relation appears to be much steeper (∝ b−3)
for the ’disk’ sub-sample than for the ’wind’ sub-sample (∝ b−1)
(see also Churchill et al. 2012).
Our results open a new and promising way to study the phys-
ical properties of galactic outflows at high-redshifts using quasar
absorption lines. In the near future with larger samples, we will
be able to investigate further the properties of galactic outflows. In
particular, a larger sample will allow us to test whether the loading
factor η ≡Mout/SFR is a function of circular velocity Vc, as being
assumed in numerical simulations by Oppenheimer et al. (2010)
and others.
ACKNOWLEDGMENTS
We are very grateful to Dr. M. Fuller for running the Summer
Research program at UC Santa Barbara. We thank M. T. Mur-
phy and S. Genel for stimulating discussions and their construc-
tive comments on the draft. This work was partly supported by a
Marie Curie International Outgoing Fellowship (PIOF-GA-2009-
236012) within the 7th European Community Framework Pro-
gram. This work was supported in part by the National Science
Foundation through grants AST-080816, AST-1109288 and AST-
0708210. Funding for the SDSS and SDSS-II has been provided
c© 0000 RAS, MNRAS 000, ??–15
collimated winds 13
by the Alfred P. Sloan Foundation, the Participating Institutions,
the National Science Foundation, the U.S. Department of Energy,
the National Aeronautics and Space Administration, the Japanese
Monbukagakusho, the Max Planck Society, and the Higher Ed-
ucation Funding Council for England. The SDSS Web Site is
http://www.sdss.org/. The SDSS is managed by the Astrophysical
Research Consortium for the Participating Institutions. The Par-
ticipating Institutions are the American Museum of Natural His-
tory, Astrophysical Institute Potsdam, University of Basel, Uni-
versity of Cambridge, Case Western Reserve University, Univer-
sity of Chicago, Drexel University, Fermilab, the Institute for Ad-
vanced Study, the Japan Participation Group, Johns Hopkins Uni-
versity, the Joint Institute for Nuclear Astrophysics, the Kavli In-
stitute for Particle Astrophysics and Cosmology, the Korean Sci-
entist Group, the Chinese Academy of Sciences (LAMOST), Los
Alamos National Laboratory, the Max-Planck-Institute for Astron-
omy (MPIA), the Max-Planck-Institute for Astrophysics (MPA),
New Mexico State University, Ohio State University, University
of Pittsburgh, University of Portsmouth, Princeton University, the
United States Naval Observatory, and the University of Washing-
ton.
REFERENCES
Bahcall, J. N., & Spitzer, L. J. 1969, ApJ, 156, L63+
Barton, E. J., & Cooke, J. 2009, AJ, 138, 1817
Behroozi, P. S., Conroy, C., & Wechsler, R. H. 2010, ApJ, 717,
379
Bergeron, J. 1988, in IAU Symp. 130: Large Scale Structures of
the Universe, 343–+
Bergeron, J., & Boisse´, P. 1991, A&A, 243, 344
Bond, N. A., Churchill, C. W., Charlton, J. C., & Vogt, S. S. 2001,
ApJ, 557, 761
Bordoloi, R., & et al. 2012, ApJ, in prep.
Bordoloi, R. et al. 2011, ApJ, 743, 10
Bouche´, N. 2008, MNRAS, 389, L18
Bouche´, N., Murphy, M. T., Pe´roux, C., Csabai, I., & Wild, V.
2006, MNRAS, 371, 495
Bouche´, N., Murphy, M. T., Pe´roux, C., Davies, R., Eisenhauer,
F., Fo¨rster Schreiber, N. M., & Tacconi, L. 2007, ApJ, 669, L5
Bowen, D. V., Blades, J. C., & Pettini, M. 1995, ApJ, 448, 634
Bowen, D. V., Jenkins, E. B., Pettini, M., & Tripp, T. M. 2005,
ApJ, 635, 880
Chabrier, G. 2003, PASP, 115, 763
Charlton, J. C., & Churchill, C. W. 1996, ApJ, 465, 631
—. 1998, ApJ, 499, 181
Chelouche, D., & Bowen, D. V. 2010, ApJ, 722, 1821
Chelouche, D., Me´nard, B., Bowen, D. V., & Gnat, O. 2008, ApJ,
683, 55
Chen, H., Kennicutt, R. C., & Rauch, M. 2005, ApJ, 620, 703
Chen, H., Wild, V., Tinker, J. L., Gauthier, J., Helsby, J. E., Shect-
man, S. A., & Thompson, I. B. 2010a, ApJ, 724, L176
Chen, H.-W., Helsby, J. E., Gauthier, J.-R., Shectman, S. A.,
Thompson, I. B., & Tinker, J. L. 2010b, ApJ, 714, 1521
Chen, H.-W., Lanzetta, K. M., Webb, J. K., & Barcons, X. 2001,
ApJ, 559, 654
Chen, H.-W., & Tinker, J. L. 2008, ApJ, 687, 745
Chen, Y., Tremonti, C. A., Heckman, T. M., Kauffmann, G.,
Weiner, B. J., Brinchmann, J., & Wang, J. 2010c, AJ, 140, 445
Chevalier, R. A., & Clegg, A. W. 1985, Nat, 317, 44
Churchill, C. W., Kacprzak, G. G., Nielsen, N. M., Steidel, C. C.,
& Murphy, M. T. 2012, ApJ, submitted
Churchill, C. W., Steidel, C. C., & Vogt, S. S. 1996, ApJ, 471, 164
Churchill, C. W., Vogt, S. S., & Charlton, J. C. 2003, AJ, 125, 98
Conroy, C., & Wechsler, R. H. 2009, ApJ, 696, 620
Croton, D. J. et al. 2006, MNRAS, 365, 11
Dekel, A., & Silk, J. 1986, ApJ, 303, 39
Ellison, S. L., Malle´n-Ornelas, G., & Sawicki, M. 2003, ApJ, 589,
709
Everett, J. E., Zweibel, E. G., Benjamin, R. A., McCammon, D.,
Rocks, L., & Gallagher, III, J. S. 2008, ApJ, 674, 258
Firmani, C., & Avila-Reese, V. 2010, ApJ, 723, 755
Genzel, R. et al. 2011, ApJ, 733, 101
Guo, Q., White, S., Li, C., & Boylan-Kolchin, M. 2010, MNRAS,
404, 1111
Heckman, T. M., Armus, L., & Miley, G. K. 1990, ApJS, 74, 833
Heckman, T. M., Lehnert, M. D., Strickland, D. K., & Armus, L.
2000, ApJS, 129, 493
Kacprzak, G. G., Churchill, C. W., Barton, E. J., & Cooke, J.
2011a, ApJ, 733, 105
Kacprzak, G. G., Churchill, C. W., Ceverino, D., Steidel, C. C.,
Klypin, A., & Murphy, M. T. 2010, ApJ, 711, 533
Kacprzak, G. G., Churchill, C. W., Evans, J. L., Murphy, M. T., &
Steidel, C. C. 2011b, MNRAS, 416, 3118
Kacprzak, G. G., Churchill, C. W., Steidel, C. C., Murphy, M. T.,
& Evans, J. L. 2007, ApJ, 662, 909
Kewley, L. J., & Dopita, M. A. 2002, ApJS, 142, 35
Lanzetta, K. M., & Bowen, D. 1990, ApJ, 357, 321
Lanzetta, K. M., & Bowen, D. V. 1992, ApJ, 391, 48
Law, D. R., Steidel, C. C., Erb, D. K., Larkin, J. E., Pettini, M.,
Shapley, A. E., & Wright, S. A. 2009, ApJ, 697, 2057
Lehnert, M. D., & Heckman, T. M. 1996, ApJ, 462, 651
Lovegrove, E., & Simcoe, R. A. 2011, ApJ, 740, 30
Maller, A. H., & Bullock, J. S. 2004, MNRAS, 355, 694
Martin, C. L. 1998, ApJ, 506, 222
—. 2005, ApJ, 621, 227
—. 2006, ApJ, 647, 222
Martin, C. L., & Bouche´, N. 2009, ApJ, 703, 1394
Martin, C. L., Kobulnicky, H. A., & Heckman, T. M. 2002, ApJ,
574, 663
Me´nard, B., & Chelouche, D. 2009, MNRAS, 393, 808
Me´nard, B., Wild, V., Nestor, D., Quider, A., Zibetti, S., Rao, S.,
& Turnshek, D. 2011, MNRAS, 417, 801
Mo, H. J., & Miralda-Escude´, J. 1996, ApJ, 469, 589
Mo, H. J., & White, S. D. M. 2002, MNRAS, 336, 112
Moster, B. P., Somerville, R. S., Maulbetsch, C., van den Bosch,
F. C., Maccio`, A. V., Naab, T., & Oser, L. 2010, ApJ, 710, 903
Murray, N., Me´nard, B., & Thompson, T. A. 2011, ApJ, 735, 66
Murray, N., Quataert, E., & Thompson, T. A. 2005, ApJ, 618, 569
Nestor, D. B., Johnson, B. D., Wild, V., Me´nard, B., Turnshek,
D. A., Rao, S., & Pettini, M. 2011, MNRAS, 412, 1559
Noterdaeme, P., Srianand, R., & Mohan, V. 2010, MNRAS, 403,
906
Nulsen, P. E. J., Barcons, X., & Fabian, A. C. 1998, MNRAS, 301,
168
Oppenheimer, B. D., & Dave´, R. 2006, MNRAS, 373, 1265
Oppenheimer, B. D., Dave´, R., Keresˇ, D., Fardal, M., Katz, N.,
Kollmeier, J. A., & Weinberg, D. H. 2010, MNRAS, 406, 2325
Pettini, M., Ellison, S. L., Bergeron, J., & Petitjean, P. 2002a,
A&A, 391, 21
Pettini, M., Rix, S. A., Steidel, C. C., Adelberger, K. L., Hunt,
M. P., & Shapley, A. E. 2002b, ApJ, 569, 742
c© 0000 RAS, MNRAS 000, ??–15
14 Bouche´ et al.
Pettini, M., Rix, S. A., Steidel, C. C., Hunt, M. P., Shapley, A. E.,
& Adelberger, K. L. 2002c, Ap&SS, 281, 461
Prochaska, J. X., Kasen, D., & Rubin, K. 2011, ApJ, 734, 24
Prochaska, J. X., & Wolfe, A. M. 1997, ApJ, 487, 73
Rao, S. M., Belfort-Mihalyi, M., Turnshek, D. A., Monier, E. M.,
Nestor, D. B., & Quider, A. 2011, MNRAS, 416, 1215
Rao, S. M., Turnshek, D. A., & Nestor, D. B. 2006, ApJ, 636, 610
Rubin, K. H. R., Prochaska, J. X., Koo, D. C., Phillips, A. C., &
Weiner, B. J. 2010a, ApJ, 712, 574
Rubin, K. H. R., Weiner, B. J., Koo, D. C., Martin, C. L.,
Prochaska, J. X., Coil, A. L., & Newman, J. A. 2010b, ApJ, 719,
1503
Rupke, D. S., Veilleux, S., & Sanders, D. B. 2005, ApJS, 160, 115
Salpeter, E. E. 1955, ApJ, 121, 161
Sato, T., Martin, C. L., Noeske, K. G., Koo, D. C., & Lotz, J. M.
2009, ApJ, 696, 214
Schaye, J. 2001, ApJ, 559, L1
Schaye, J. et al. 2010, MNRAS, 402, 1536
Schneider, D. P. et al. 2010, AJ, 139, 2360
Schwartz, C. M., Martin, C. L., Chandar, R., Leitherer, C., Heck-
man, T. M., & Oey, M. S. 2006, ApJ, 646, 858
Se´rsic, J. L. 1963, Boletin de la Asociacion Argentina de Astrono-
mia La Plata Argentina, 6, 41
Shapley, A. E., Steidel, C. C., Pettini, M., & Adelberger, K. L.
2003, ApJ, 588, 65
Sharma, M., Nath, B. B., & Shchekinov, Y. 2011, ApJ, 736, L27+
Steidel, C. C. 1995, in QSO Absorption Lines, ed. G. Mey-
lan, ESO Astrophysics Symposia (Berlin, Germany: Springer-
Verlag), 139
Steidel, C. C., Dickinson, M., & Persson, S. E. 1994, ApJ, 437,
L75
Steidel, C. C., Erb, D. K., Shapley, A. E., Pettini, M., Reddy, N.,
Bogosavljevic´, M., Rudie, G. C., & Rakic, O. 2010, ApJ, 717,
289
Steidel, C. C., Kollmeier, J. A., Shapley, A. E., Churchill, C. W.,
Dickinson, M., & Pettini, M. 2002, ApJ, 570, 526
Steidel, C. C., & Sargent, W. L. W. 1992, ApJS, 80, 1
Sternberg, A., McKee, C. F., & Wolfire, M. G. 2002, ApJS, 143,
419
Stewart, K. R., Kaufmann, T., Bullock, J. S., Barton, E. J., Maller,
A. H., Diemand, J., & Wadsley, J. 2011, ApJ, 735, L1+
Stocke, J. T., Shull, J. M., & Penton, S. V. 2004, Pro-
ceedings STScI May 2004 Symp (”Planets to Cosmology”)
(arXiv:0407352)
Strickland, D. K., Heckman, T. M., Colbert, E. J. M., Hoopes,
C. G., & Weaver, K. A. 2004, ApJ, 606, 829
Strickland, D. K., & Stevens, I. R. 2000, MNRAS, 314, 511
Tinker, J. L., & Chen, H.-W. 2008, ApJ, 679, 1218
Tripp, T. M., Jenkins, E. B., Bowen, D. V., Prochaska, J. X.,
Aracil, B., & Ganguly, R. 2005, ApJ, 619, 714
van den Bosch, F. C. et al. 2007, MNRAS, 376, 841
Weiner, B. J. et al. 2009, ApJ, 692, 187
White, S. D. M., & Rees, M. J. 1978, MNRAS, 183, 341
Wiersma, R. P. C., Schaye, J., & Theuns, T. 2011, MNRAS, 415,
353
York, D. G. et al. 2000, AJ, 120, 1579
Zych, B. J., Murphy, M. T., Pettini, M., Hewett, P. C., Ryan-
Weber, E. V., & Ellison, S. L. 2007, MNRAS, 379, 1409
APPENDIX A: THE KINEMATICS OF THE DISK
SUB-SAMPLE
In the main body of this paper, we find that a significant fraction of
the Mg II absorbers with Wλ2796r from 0.5 to 3A˚ are found along
the minor axis, i.e. are not co-planar with the galaxy host. On the
other hand, Kacprzak et al. (2011b) argued that Mg II absorbers are
co-planar based on their finding that the disk inclination influences
the scatter of the Wλ2796r –b relation for a sample of z ∼ 0.5 QSO-
galaxy pairs. Thus, their results appear to be incompatible with our
conical winds since they both apply to the same Wλ2796r range of
0.5–3A˚.
Here, we attempt to reconcile these two results. In particular,
we return to the ’disk’ sub-sample with (|α| < 45◦) since an incli-
nation effect should be present predominantly for this sub-sample.
For extended gaseous disks, we expect thatWλ2796r is related to the
path lengthX intercepted by the QSO sight-line. Because there are
only three pairs in the Barton & Cooke (2009) and Kacprzak et al.
(2011a) sample that meet the α criteria, we include pairs from the
z ∼ 0.5 Kacprzak et al. (2011b) sample using the same criteria
(|α| < 45◦), excluding pairs where the uncertainty in the azimuth
angle is greater than 30◦ (3σ).
Figure A1(a) shows the Wλ2796r as a function of impact pa-
rameter b for the z = 0.1 (z = 0.5) QSO-galaxy pairs shown as
the cyan circles (squares) respectively. The solid line shows a fidu-
cial∝ b−3 radial dependence. The top panel shows that the residual
scatter from this relation are ∼ 0.63 dex.
For this ’disk’ sub-sample, we expect that the absorption
equivalent widthWλ2796r is related to the path lengthX intercepted
by the QSO sight-line. For a simple slab geometry, the path length
X is expected to be ∝ 1/ cos i where i is the disk inclination.
Hence, one would expect that the observed Wλ2796r is
Wλ2796r = W˜
λ2796
r ·X, (A1)
where W˜r is the equivalent width for face-on disks. Figure A1(b)
shows theWλ2796r -b relation for the equivalent width W˜r corrected
to a face-on inclination usingX = X0/ cos i. We setX0 to 0.5 cor-
responding to an averaged inclination of 60◦ given that the average
inclination is < i >= 57◦ (see the appendix of Law et al. 2009).
The residual scatter in the Wλ2796r –b relation is significantly re-
duced to 0.32 dex, as indicated by the top histogram. This factor
of 2 improvement in the scatter rms shows that cos i plays a large
role for the Wλ2796r of inclined disks, as stated in Kacprzak et al.
(2011b).
This exercise shows that, in some cases, the absorption is
co-planar and coupled to the galaxy inclination (Kacprzak et al.
2011b). As stated in Kacprzak et al. (2011b), the absorbing mate-
rial could also be tracing the accretion of baryons since according
to Stewart et al. (2011) such infalling material is predominantly
coupled to the galaxy angular momentum and might dominate the
Mg II cross-section.
Conversely, for the ’wind’ sub-sample presented in sec-
tion 3.3, the same path-length correction should not apply and as
a consequence it should increase the scatter in the Wλ2796r –b rela-
tion. Figure A2 shows the Wλ2796r –b relation for the ‘wind’ sub-
sample uncorrected (left) and corrected for the disk path length
(right). This figure shows that the scatter increases from 0.24 dex to
0.4 dex and demonstrates that theX path-length is not applicable to
this subset of Mg II absorbers. Hence, our bi-polar outflows and the
planar effects reported by Kacprzak et al. (2011b) are not inconsis-
tent with each other and this exercise demonstrates the importance
of the azimuth angle in interpreting Mg II-galaxy pairs.
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Table 1. Summary for galaxy-QSO pairs.
QSO zabs Galaxy zem Wr(A˚) Mr Vmax sin i SFRHα b Ref.
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
SDSSJ005244.23−005721.7 0.13460 J005244G1 0.13426 1.46/1.23 -21.40 144 0.05 32.4 K11
SDSSJ081420.19+383408.3 0.09833 J081420G1 0.09801 0.57/0.28 -20.13 131 1.27 51.1 K11
SDSSJ091119.16+031152.9 0.09636 J091119G1 0.09616 0.82/0.34 -20.98 231 0.26 71.2 K11
SDSSJ092300.67+075108.2 0.10423 J092300G1 0.10385 2.25/1.40 -21.58 108 0.02 11.9 K11
SDSSJ102847.00+391800.4 0.11411 J102847G1 0.11348 0.30/0.13 -20.22 162 3.75 89.8 K11
SDSSJ111850.13−002100.7 0.13158 J111850G1 0.13159 1.93/1.82 -20.40 116 1.96 25.1 K11
SDSSJ114518.47+451601.4 0.13402 J114518G1 0.13389 1.06/1.07 -21.21 162 2.59 39.4 K11
SDSSJ114803.17+565411.5 0.10433 J114803G1 0.10451 1.59/1.25 -21.58 67 0.15 29.1 K11
SDSSJ144033.82+044830.9 0.11307 J144033G2 0.11271 1.18/0.93 -20.22 112 · · · 24.9 K11
SDSSJ161940.56+254323.0 0.12501 J161940G1 0.12438 0.32/0.28 -21.09 74 0.06 45.7 K11
SDSSJ225036.72+000759.4 0.14837 J225036G1 0.14826 1.08/1.11 -21.47 240 1.36 53.9 K11
(1) Quasar name; (2) Mg II absorption redshift; (3) Galaxy name; (4) Galaxy spectroscopic redshift; (5) Equivalent widths for Mg II2796 and 2803A˚; (6)
Absolute magnitude; (7) Observed rotation curve velocity (km s−1); (8) SFR in M yr−1; (9) Impact parameter in kpc; (10) Reference: K11 is for Kacprzak
et al. (2011a).
Table 2. PA and |α| measurements.
Galaxy i i PA |α| Class SFRHα g − r Vout M˙out tw
K11 Fit Manual/Fit Manual/Fit (M yr−1) (km s−1) (M yr−1) (Myr)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
α > 60
J081420G1 40±2 35±2 30/18±2 79/67±2 Wind 1.27 0.57 175±25 2.2±1.1 290
J091119G1 82±2 75±2 · · ·/53±1 65/63±1 Wind 0.26 1.02 500±100 6.8±3.4 140
J092300G1 56±2 41±1 20/20±2 82/84±2 Ambig. 0.02 1.2 200(?) 1.4±0.7 n.a.
J102847G1 54±2 49±2 89/90±5 76/83±5 Wind 3.75 0.57 300±25 1.0±0.5 250
J111850G1 30±2 34±1 86/85±5 86/59±5 Wind 1.96 0.8 175±80 6.0±3.0 140
J225036G1 70±2 69±3 56/65±1 77/69±1 Wind 1.36 1.1 225±50 2.2±1.1 250
α < 20
J005244G1 45±5 42±2 40/43±2 20/22±2 ‘Disk’ 0.05 1.0 n.a. n.a. n.a.
J114518G1 34±2 34±1 44/38±5 15/21±5 Ambig. 2.59 0.67 125±25 n.a. n.a.
J114803G1 45±3 39±1 27/31±2 8/10±2 ‘Disk’ 0.15 1.04 n.a. n.a. n.a.
J144033G2 55±5 45±2 69/75±4 7/13±4 ‘Disk’ · · · 0.50 n.a. n.a. n.a.
J161940G1 12±12 5±20 7/-64±65 unconstr. n.a. · · · 1.0 n.a. n.a. n.a.
(1) Galaxy name; (2) Galaxy inclination i (degrees) from Kacprzak et al. (2011a) who used a bulge+disk decomposition; (3) Galaxy inclination i (degrees)
from a one component Se´rsic fit; (4) Galaxy position angle (PA) (degrees) measured manually or from our 2D fits; (5) Azimuth angle |α| of the quasar
location with respect to the galaxy major axis; (6) Classification of the quasar-galaxy pair. ‘Wind’ refers to sight-lines whose Mg II kinematics can be
explained with our model. ‘Disk’ refers to sight-lines whose Mg II kinematics are likely related to some other physical process taking place in connection
with the major axis. (7) Instantaneous SFR in M yr−1 derived from Hα taken from Kacprzak et al. (2011a) assuming a Salpeter IMF and no reddening; (8)
g − r color; (9) Radial outflow speed in km s−1 inferred from the Mg II kinematics; (10) Mass outflow rates in M yr−1 derived from Eq. 4; (11) Travel
time in Myr from the galaxy to the observed impact parameter (b/Vout).
APPENDIX B: MASS OUTFLOW RATES
Given that we are using quasar absorption lines to determine mass
outflow rates M˙out for the first time, we show all the steps in de-
riving the M˙out equation used in this paper (Eq. 4).
In most general terms, the outflow rate M˙out for a fluid mov-
ing at a velocity V through an area Ω is
M˙out(r) ≡
∫
Ω
dA ρ(r) V · nˆ, (B1)
where nˆ is the normal to the surface. For a cone of opening an-
gle θmax, the outflow speed is normal to A in spherical coordi-
nate, and this reduces to M˙out = ρ0 r20 Vout Ω, where Ω =
2pi(1 − cos θmax). Because, the gas column density of a radial
sight-line is N ≡ ∫
r0
dr ρ(r) = ρ0 r0 for a fluid obeying the
continuity equation (ρ(r)r2=const), the outflow rate reduces to the
trivial equation M˙out = N r0 VoutΩ (Heckman et al. 2000; Martin
2005). In the case of a conical geometry, with a transverse sight-line
at impact parameter b, the outflow rate reduces to a similar form
M˙out ∝ N(b) b Vout. (B2)
For a transverse sight-line intercepting the symmetric z-axis
at b = bz of a cone, the integral in Eq. B1 is performed on the
cross-section A of the cone at bz . Using t as the radius on the
cross-section A, the velocity Vz normal to A is Vz = V · nˆ =
Vout
bz√
b2z+t
2
. Hence, the outflow rate M˙out(bz) is
∫
A
dA ρ(r) Vz ,
i.e.
M˙out(bz) = ρ0 r
2
0
∫ rm
0
2pi tdt
1
b2z + t2
Vout
bz√
b2z + t2
= ρ0 r
2
0 2pi bz Vout
∫ rm
0
dt
t
(b2z + t2)3/2
(B3)
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Figure A1. (a): Wλ2796r as a function of impact parameter b for QSO-galaxy pairs classified as ‘disk’, i.e. with |α| < 45. (b): Same as (a) with the Wλ2796r
normalized to the disk path lengthX = X0/ cos i, where i is the galaxy inclination. The top panels show that the scatter is reduced from 0.63 dex to 0.32 dex.
This shows that such QSO-galaxy pairs near inclined disks with |α| ∼ 0 are intercepting either the extended parts of gaseous disks or, as argued in Kacprzak
et al. (2011b), the accretion material that can also be co-planar according to the recent simulations of Stewart et al. (2011).
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Figure A2. (a):Wλ2796r as a function of impact parameter b for QSO-galaxy pairs classified as ‘wind’, i.e. with |α| > 45. (b): Same as (a) with theWλ2796r
normalized to the disk path length X = X0/ cos i, where i is the galaxy inclination. The top panels show that the scatter is increased from 0.24 dex to 0.40
dex. This shows that the disk path length X is not appropriate for QSO-galaxy pairs classified as ’wind’, as one might have expected.
where t is bound to a maximum rm = bz tan θmax by the cone
edge. After integration, we find
M˙out(bz) = ρ0 r
2
0 Vout 2pi[1− cos θmax] (B4)
' ρ0 r20 Voutpiθ2max.
The column densityN(b) for a transverse sight-line intercept-
ing the symmetric z-axis at b = bz is
N(b) = ρ0 r
2
0
∫ x1
−x1
dx
1
b2 + x2
=
ρ0 r
2
0
b
arctan
x
b
∣∣∣x1
−x1
=
ρ0 r
2
0
b
2θmax (B5)
since the opening angle θmax defines the integration range x1 =
b tan θmax.
In the most general case, for a transverse sight-line that is off-
seted from the z-axis by by , where x1 =
√
tan2 θmaxb2z − b2y , and
b =
√
b2y + b2z , we have the column density N(b)
N(bz) =
ρ0 r
2
0
b
2 arctan
√
tan2 θmaxb2z − b2y√
b2z + b2y
(B6)
which reduces to Eq. B5 when by = 0.
Combining Eq. B4 with Eq. B5, we have that the outflow rate
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determined from transverse sight-lines is:
M˙out(b) =
N(b) b
2θmax
Vout2pi[1− cos θmax] (B7)
' N(b) b Vout pi
2
θmax (B8)
This paper has been typeset from a TEX/ LATEX file prepared by the
author.
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